Streptomyces spp. are gram-positive bacteria showing morphological differentiation and physiological changes during the cell cycle. Morphologically, they form specialized structures known as aerial mycelium and spores (for a review, see references 3 and 7). Physiologically, a major change takes place by induction of a set of activities known as secondary metabolism, some of whose products are very important from an industrial point of view (22) . Other authors have reported a temporal relationship between initiation of aerial mycelium formation and a fall in GTP concentration (5, 13) . Changes in GTP pools are also thought to be involved in the initiation of sporulation in Bacillus subtilis (10) . Although the role of these variations is not clear, it seems that GTP pools, in terms of cause or effect, have some relationship with the initiation of differentiation.
The interaction of GTP with proteins may involve different kinds of modifications, i.e., a noncovalent binding (GTPbinding proteins) or a covalent modification, such as phosphorylation or nucleotidylation. Adenylylation of enzymes is the most widely studied nucleotidylation, both as a catalytic intermediate (14, 19) and as an enzymatic modification (2, 18) , in prokaryotic and eukaryotic cells. Besides AMP modification, modulation of enzymes by GMP (guanylylation) has also been described. Such is the case in the RNA capping enzyme from vaccinia virus, in which an enzymeguanylylated intermediate necessary for the synthesis of cap structures is formed (16) . Covalent enzyme-GMP intermediate complexes have also been identified in guanylyltransferases isolated from HeLa cells (17) , rat liver, wheat germ, Artemia salina, and Saccharomyces cerevisiae (21) . Recently, guanylylation of the major regulatory protein of herpes simplex virus has been described (1) . There are two reports on bacteria, in which the authors suggest protein guanylylation in Bacillus subtilis (11, 12) .
In this study, we (9) and then electrophoretically blotted to nitrocellulose sheets (20) . Labeled proteins were located by autoradiography. Under these conditions, two major labeled bands of 58 and 43 kDa were observed (Fig. 1A) . The intensity of both bands increased during the life cycle. This was not a consequence of variations in the GTP pools at different stages of development, since a similar result was obtained after sample dialysis. Incubation of membranes obtained from spores (15) with [a-32P]GTP resulted in the labeling of a protein which coincides in its electrophoretic mobility with the 43-kDa protein-nucleotide complex obtained from reactions carried out with partially purified cell extracts (data not shown).
When similar reaction mixes were treated with UV light, additional polypeptides of >94, 81, 67, and 31 kDa were labeled. Only the 58-kDa and 43-kDa polypeptides were labeled without UV treatment (unpublished results). Care must be taken to distinguish between GTP-binding proteins, which are generally labeled only by UV treatment, and proteins that undergo another kind of interaction with GTP, such as guanylylation, in both the presence and absence of UV light.
Characterization and identification of the nucleotide bound to the 43-kDa protein. Since it is either more abundant or more efficiently labeled, the 43-kDa protein was chosen for further study. It is clear that GTP is not the nucleotide bound to the 43-kDa protein because, as shown in Fig. 1B In order to determine the relative affinities of the competing nucleotides (GTP, GDP, GTP-yS, and GDPS), experiments were done with different concentrations of nonradioactive nucleotides. As shown in Table 1 , when the concentration of the unlabeled nucleotide was 20 pM, the relative affinities were on the order GTP > GTP-yS > GDP > GDPPS.
For chase experiments, reactions were carried out as described above but with [a-32P]GTP as the only substrate. After 30 min of incubation at 2°C, the different phosphocompounds listed in Table 1 ) . Third, the modification is a GTP-specific process that requires the simultaneous or sequential hydrolysis of the y-j3 bound of GTP. GMP, cGMP, ATP, CTP, and UTP neither compete with nor chase the bound nucleotide, whereas GTP-yS and GDPS compete with but do not chase it. Only GTP and GDP both compete with and chase this bound nucleotide. Fourth, the modification process involves the formation of PP1 and is not influenced by Pi. PPi inhibits or removes the labeling of the protein in competition and chase experiments, which indicates a guanylylation reaction being reverted by the excess of PPi. Fifth, GMP and not cGMP was the nucleotide bound, according to chromatographic analysis of the labeled compound after acid hydrolysis (Fig. 2) . The labeled compound comigrated with standard GMP, and no other labeled compounds were found.
The data presented in Table 2 show that the complex was somewhat stable to boiling for 5 min in 0.1 N NaOH, although it was dissociated by boiling for 5 min in 0.1 N HCl and by treatment with 3.68 M hydroxylamine (pH 4.75) at 2°C for 30 min. The response of the 43-kDa protein-GMP complex to acid or base treatment is similar to that of several enzyme-AMP complexes, such as calf thymus DNA ligase-AMP (19) and the vaccinia virus capping enzyme-GMP complex (16) . These properties (i.e., acid lability and alkaline stability) as well as the resistance of the complex to hydrolysis by snake venom phosphodiesterases suggest a phosphoamide linkage between GMP and the protein (4). The cleavage of the complex by acidic hydroxylamine (pH 4.75) also strongly supports a phosphoamide linkage, such as the GMP(5'-Ne) lysine found in rat liver guanylyltransferase (21) and T4 RNA ligase (6). For bacteria, there are two reports of apparent guanylylation in proteins in B. subtilis (11, 12) . The authors showed that a group of at least eight proteins became labeled after incubation with [a-32PJGTP.
Some of these proteins are involved in glucose metabolism, although the role of this apparent guanylylation has not been established.
Characterization of the guanylylation reaction. Addition of pNP-5'T (1 mM), vanadate (20 ,uM to 1 mM), sodium azide (1 mM), NaF (5 to 10 mM), or p-nitrophenyl phosphate (1 mM) to the reaction mix had no effect on the amount of nucleotide bound to the 43-kDa protein. However, N-ethyl- When 43-kDa protein-nucleotide complex formation was carried out at 20C, there was a constant increase in the radioactivity bound to the protein until a plateau was reached. However, when the reaction was carried out at 30°C, there was a short period of rapid labeling, but after approximately 15 min of incubation, the amount of bound nucleotide decreased constantly (data not shown). When samples were incubated at 2°C for 60 min and then transferred to 30°C, a rapid loss of 90% of the radioactivity bound to the 43-kDa protein took place within 15 min. Returning the reaction mix to 2°C resulted in a two-to threefold increase in radioactivity bound to the protein. It is clear that formation of the covalent protein-nucleotide complex is favored at low temperatures. The most likely explanation for the thermal instability of the guanylylated 43-kDa protein is the prevalence of complex dissociation when the temperature is raised.
Guanylylation of proteins in other Streptomyces species. Different Streptomyces species were tested for the presence of guanylylatable proteins. Figure 3 shows that crude extracts of S. lividans (lane 1), S. parvulus (lane 2), and S. antibioticus (lane 3) presented a single 32P-labeled protein band with a molecular mass similar to that of the S. coelicolor 43-kDa protein (lane 5). However, a protein of lower molecular mass (25 kDa) was labeled in crude extracts of S. albus (Fig. 3, lane 4) . When crude extracts of S. coelicolor bidA or bldB mutants were assayed, no differences in the level of labeling of the 43-kDa protein from the wild type were detected (data not shown).
Covalent modifications of proteins are important in the regulation of enzyme activities in bacteria. The 43-kDa protein seems to be highly conserved, suggesting that the 43-kDa protein plays a significant role in the metabolism of Streptomyces spp. Our results are a first approach to the study of this relationship. Research on the nature and biological significance of this modification is in progress.
